To date, experiments that have investigated the interactive effects of these gases have shown a variety of responses, ranging from an amelioration of the damaging effects of high 0 3 to a greater sensitivity to 0 3 at elevated C 0 2. The effects on grain yield and yield com po nents were determined. Our results confirm that elevated C 0 2 provides some protection to a wheat crop against the damaging effects of 0 3 on grain yield. However, the level of p rotec tion varies from one growing season to the next and also appears to be related particularly to the timing of exposure to elevated 0 3.
Introduction
The concentration of carbon dioxide ( C 0 2) in the atmosphere has risen from a concentration of 280 ppmv in pre-industrial times to 365 ppmv at present and is predicted to increase to over 700 ppmv by the end of the 21st century (IPCC, 1992) . Although the concentration of tropospheric ozone ( 0 3) shows great spatial and temporal vari ation in many areas the summer concentration has doubled in the past hundred years and is predicted to continue increasing in the near future (Hough and Derwent, 1990 ).
The conclusion from many experiments is that the main effect on agricultural C3 crops of an ap proximate doubling of concentrations of C 0 2, from 350 to 700 ppmv, is to increase growth and yield by an average of approximately 30% (Kim ball, 1983; Cure and Acock, 1986 ). This results mainly from an increase in net photosynthesis (Long et al., 1993) but the decrease in transpira tion rates due to partial closure of the stomata (Morison and Gifford, 1984) may also increase yield through improved water relations.
In contrast to the stimulatory effect of increas ing C 0 2 concentration, both ambient and elevated concentrations of 0 3 have been shown to decrease the growth and yield of agronomically important crops (Heck et al., 1983; Finnan et al., 1996) . In most cases 0 3 enhances leaf senescence and re duces green leaf area resulting in a decrease in assimilate production (Soja and Soja, 1995) .
In terms of grain production by wheat, previous studies have shown that elevated C 0 2 can increase the yield by increasing the weight of mean indivi dual grains (McKee et al., 1997) , increasing grain number per ear (Mulholland et al., 1997; McKee et al., 1997) or by increasing the number of flower ing tillers per unit ground area (Havelka et al., 1984b; Fangmeier et al., 1996a) . On the other hand, elevated concentrations of 0 3 have been shown to decrease yields of spring wheat mainly through a decrease in the mean individual grain weight associated with early leaf senescence and loss of leaf chlorophyll (Fangmeier et al., 1996a; McKee et al., 1997; Pleijel et al., 1991; Finnan etal., 1996) .
In the natural environment where C 0 2 and 0 3 concentrations are increasing it is important to understand the combined effect of the two gases. JTiere are, however, conflicting reports on the 0939-5075/99/0900-0802 $ 06.00 © 1999 Verlag der Zeitschrift für Naturforschung, Tübingen • www.znaturforsch.com ■ D combined effects of elevated C 0 2 and elevated 0 3 on wheat. Some studies have shown that elevated C 0 2 counteracts the damaging effects of 0 3 and other studies show the opposite, while still others report no interactive effects between C 0 2 and 0 3.
McKee et al., (1997) and Mulholland et al., (1997) reported that elevated C 0 2 protected against the damaging effects of 0 3 on spring wheat plant bio mass by decreasing stomatal conductance which led to a lower dose of 0 3 reaching the mesophyll. However, C 0 2 did not protect against the damag ing effects of 0 3 on wheat yield. Barnes et al., (1995) ; Balaguer et al., (1995) and Rudorff et al., (1996) reported no interactive effect of C 0 2 and 0 3 on 2 varieties of spring wheat as the reduction in growth caused by elevated 0 3 was the same at both ambient and elevated C 0 2 suggesting that el evated C 0 2 has proportionally similar effects at ambient and elevated 0 3 concentrations.
Most of the published experiments on wheat have been carried out on plants grown singly or as small communities in controlled environment chambers Balaguer et al., 1995; McKee et al., 1997) and although these methods have investigated growth of young plants and gas exchange characteristics, effects on grain yield are unrealistic under these conditions. As part of the ESPACE-wheat (Environmental Stress Physiology and Climate Experiment on wheat) programme this study investigated the interactive effects of elevated C 0 2 and elevated 0 3 on the components of grain yield of spring wheat in plants grown under field conditions in open-top chambers in the east of Ireland. The aim was to determine if elevated atmospheric C 0 2 could pro vide some or complete protection against the pre viously well quantified reduction in grain yield of spring wheat brought about by elevated concen trations of tropospheric ozone.
Spring wheat ( Triticum aestivum L., cv. Minaret) was grown in Open Top Chambers (OTCs) at Oak Park Research Centre, Carlow, Ireland. The cham bers were 2.8 m in height and 3 m in diameter. Each chamber was equipped with a fan that con tinuously blew ambient air through a perforated duct just above the top of the canopy. The air flow rate was equivalent to 3 air changes per minute. The experiment ran for 3 growing seasons (1994, 1995 and 1996) . Fumigation treatments are pre sented in Table I . There were 2 carbon dioxide ( C 0 2) concentrations in 1994, consisting of ambi ent (350 ppmv) and elevated (680 ppmv), and 2 ozone (0 3) concentrations consisting of ambient (-2 0 ppbv) and elevated (ambient +50 ppbv).
There were 8 OTCs used allowing for all combina tions of C 0 2 and 0 3 with 2 replicates. The experi ment expanded in 1995 to 12 OTCs which allowed the inclusion of an additional C 0 2 concentration (510 ppmv). In 1996 the elevated 0 3 concentration was increased to ambient +90 ppbv. In 1995 and 1996 there were 3 C 0 2 concentrations and 2 0 3 concentrations in 12 OTCs allowing all combina tions of C 0 2 and 0 3 with 2 replicates. In the 1994 growing season fumigation did not start until anthesis whereas it was season long in both the 1995 and 1996 growing seasons. The C 0 2 was sup plied continuously under feedback computer con trol via mass flow controllers. An air sample from each OTC requiring C 0 2 control was drawn via a diaphragm pump into an infrared gas analyser (Model WMA-2, PP Systems, Hitchin, Herts., UK) and the C 0 2 concentration regulated to the re quired concentration. The elevated 0 3 was sup plied for 7 h per day and 5 days per week. 0 3 was generated from industrial grade oxygen by electri cal discharge (ABB-Ozone generator Type LN M aterials and M ethods Soil and air temperatures within 2 of the OTCs and incident solar radiation both inside and out side one of the chambers were recorded by the Campbell logger mentioned above. Solar radiation was measured using tube solarimeters (Model TSL, Delta-T Devices, Cambridge, UK) and tem peratures by means of thermistors (shaded from direct sunlight).
The particular variety of spring wheat ( Triticum aestivum L., cv. Minaret) used in these experiments was chosen because of its insensitivity to day length. This was essential to the ESPACE-wheat project which extended in latitude from Scandinavia to southern France. Each year seeds of spring wheat ( Triticum aestivum L., cv. Minaret) were sown di rectly into the OTCs at a density of 385 per m2. Ap proximately 90% of the plants emerged from sown seed, resulting in an average density of 350 plants per m2. Sowing dates are presented in Table II . The late sowing date in 1995 was due to the uneven emergence of an earlier sowing which had to be re sown. The crop was irrigated on a daily basis to Insecticide: oxydemeton-methyl (420 mls/ha). Fungicide: flutriafol/chlorothalonil (1.5 1/ha).
avoid water stress and fertiliser was applied in ac cordance with best local practice. 50 kg N per hect are was applied in the form of 10:10:20 NPK, before sowing and an additional 90 kg N per hectare, in the form of CAN (calcium ammonium nitrate), was ap plied at terminal spikelet stage (GS32). The crop was treated with an insecticide and a fungicide when necessary (Table II) .
At final harvest 100 plants from the centre of each chamber were gently pulled from the soil by hand taking as much of the roots as possible. Roots were cut off at the crown and the remaining plant material was referred to as shoot biomass. The material was dried at 70 °C for 72 hours and dry weights then recorded.
The number of ears per plant and the number of grains per ear were determined before thresh ing by hand. Three parameters were measured on the fresh grains, as follows; mean individual grain weight, hectolitre weight (measures the bulk den sity) and weight of screenings less than 2 mm. The mean individual grain weight was measured by counting 1000 grains, weighing the sample and di viding the result by 1000. The hectolitre weight is a measure of a given volume of uncompacted and untapped grain. The apparatus to determine hec tolitre weight consists of 2 cylindrical containers, one on top of the other and separated by a thin slide (the lower cylinder volume is 1 litre). A hopper is filled with the grain and inverted over the upper cylinder. The slide, separating the cyl inders, is withdrawn and the sample falls into the lower cylinder. The slide is replaced and the surplus sample remaining above it is removed. The slide is again withdrawn and the lower con tainer is placed upon a balance and the weight, less the cylinder weight, is recorded in kg. The screenings are the weight of the grain sample that passes through a vibrating sieve with a slot size of 2 mm (for wheat) i.e. it represents the proportional weight of small grains (<2 mm) in the total grain production. 100 g of sample is placed on a grader sieve (Miag, Berlin, Ger many) and shaken for a period of 1 minute. The weight of the sample that falls through the sieve is expressed as a percentage of the total sample. The harvest index, which describes the partition ing of dry matter between the grain and straw, was calculated as the percentage grain weight in total shoot dry weight.
The experiment was based on a randomised 2-factorial design with 2 replicates. Samples were based on a pooled sample of 100 plants at final har vest rather than on a mean individual plant basis. All parameters were statistically analysed by multiway analysis of variance (ANOVA) using the statistical package Minitab, version 8.3 extended, for personal computers. When the multiway AN OVA showed a statistically significant effect of one of the parameters a oneway analysis of variance was carried out to reveal at what particular level the ef fect was significant. In such cases a two-sided confi dence interval for the differences between the treatment means and the control or for all pairwise differences between level means, was constructed.
Results Table III shows daily mean values of temperature and radiation, in addition to the 24 hour seasonal mean for C 0 2 (ppmv) and 0 3 (ppbv) and AOT40 (Führer, 1994) values, for the 3 growing seasons. The exposure index, AOT40 (Accumulated Ozone exposure above a threshold of 40 ppbv) was calcu lated for each growing season for both ambient and elevated conditions. Both temperature and radia tion values for the 1995 growing season were higher than the 20 year mean values. The 24 h seasonal mean C 0 2 concentration did not differ from the de sired concentrations during any of the growing sea sons whether at the 510 ppmv or the 680 ppmv con centration. The 24-h seasonal mean ambient 0 3 concentration was low in the 1994 growing season compared to the 1995 and 1996 growing seasons. Ambient 0 3 concentrations were highest in 1995 and the elevated 0 3 concentration was increased from ambient +50 to ambient +90 ppbv in 1996, re sulting in higher mean 0 3 concentrations. The AOT40, advanced by Führer (1994) , is an indica tion of accumulated exposure to levels above a threshold which causes damage. An AOT group is the censored sum of all hourly concentrations above a certain threshold value. In this case, the threshold value is 40 ppbv which is subtracted from the value of each hourly concentration which ex ceeds this threshold before summation. However, one disadvantage of this parameter is that it masks peak 0 3 concentrations which may have a larger ef fect than the AOT40 value indicates. That is, the ef fect of 0 3 is not linearly related to concentration above the threshold. The 1994 growing season had the lowest AO T40's primarily due to dull weather conditions and associated low ambient 0 3 condi tions, and the fact that elevated 0 3 exposure did not begin until anthesis (27 June). The 1995 growing season showed the highest ambient AOT40 even though the growing season was the shortest, this was due to hot and sunny weather conditions. How ever, the elevated AOT40 was not the highest due to the short duration of exposure. In 1996 the high est elevated AOT40 was recorded as a result of a combination of climatic conditions favouring 0 3 production and the long duration of exposure. Table III The response of grain yield (Fig. l(i) ) to ele vated C 0 2 differed from one growing season to the next and appeared to be related to the timing of exposure. In the 1994 growing season, when ele vated C 0 2 treatment did not start until anthesis (June 27), elevated C 0 2 concentration had no overall effect on grain yield. In contrast to this, in both the 1995 and 1996 growing seasons there was an overall increase in grain yield in response to elevated C 0 2. In 1995, 510 ppmv C 0 2 at ambient 0 3 increased grain yield by 35% , however this was not significantly different from the control (Fig. l(i) ). The 680 ppmv C 0 2 concentration at ambient 0 3 significantly increased grain yield by 73% (P<0.05) (Fig. l(i) ) compared with the con trol. In the 1996 growing season a similar pattern emerged whereby elevated C 0 2 at ambient 0 3 sig nificantly increased grain yield by 29% (P<0.05) at the 510 ppmv concentration and by 57% (P<0.05) at the 680 ppmv concentration. Elevated 0 3 concentrations at ambient C 0 2 resulted in a decreased (Table IV) grain yield in both 1994 and 1996 but had no effect in 1995. The grain yield was decreased compared to the control in elevated 0 3 (ambient +50 ppbv) at ambient C 0 2 by 40% (P<0.05) in 1994 when fumigation began at anthe sis ( Fig. l(i) ). Similarly, in 1996 elevated 0 3 (ambi ent +90 ppbv) alone reduced grain yield by 27% (P<0.05) when fumigation was season long. As there was no interaction between C 0 2 and 0 3 re corded (Table IV) the proportional increase in yield in response to elevated C 0 2 was the same in ambient and elevated 0 3. However, the reduction in yield, in 1995 and 1996, attributed to elevated 0 3 was greater in ambient C 0 2 than in elevated C 0 2 but the interaction was not statistically signi ficant (Fig. l(i) ).
The increase in grain yield due to elevated C 0 2 was primarily associated with an increase in the mean individual grain weight (Table IV) in all growing seasons and only in 1996 was an increase in the number of grains per ear (Table V) a con tributing factor. Overall, elevated C 0 2 increased the mean individual grain weight by an average of 14% (P<0.05), 11% (P<0.05) and 8% (P<0.01) in 1994, 1995 and 1996 respectively even though ele vated C 0 2 at ambient 0 3 did not show a signifi cant increase from the control (Figure l(ii) ). In 1996 the number of grains per ear (Fig. 2(ii) ) was increased by 8% (P<0.05) in elevated C 0 2 (680 ppmv) at ambient 0 3. The number of grains per ear also increased in 1995 in response to ele vated C 0 2 at ambient 0 3 compared to the control but this was not statistically significant. Elevated C 0 2 had no stimulatory effect on the mean indivi dual grain weight or the number of grains per ear, in any of the growing seasons, in the presence of elevated 0 3. However, oneway analysis of vari ance showed that elevated C 0 2 (680 ppmv) re duced the damage to mean individual grain weight attributed to elevated 0 3 by 60% (P<0.05) and 127% (P<0.05), in the 1994 and 1996 growing sea sons respectively ( Fig. 1 (ii) ). The reduction in grain yield (Fig. l(i) ) in elevated 0 3 was mainly due to a reduction in the mean individual grain weight ( Fig. 1 (ii) ) and to a lesser extent to a reduc tion in the number of grains per ear (Fig. 2(ii) ). Elevated 0 3 significantly decreased the mean indi vidual grain weight in ambient C 0 2 in 1994 and 1996 by 19% (P<0.05) and 11% (P<0.05) respec tively. In 1996 elevated 0 3, averaged across the C 0 2 treatments, reduced the number of grains per ear by 5% (P<0.001) ( Table V) . The number of grains per unit ground area ( Fig. 2(i) ) was unaffected in 1994 (Table V) by any of the fumigation treatments. Elevated C 0 2 pro duced an overall increase (P<0.05) in the number of grains per unit ground area in 1995 and elevated 0 3 produced an overall decrease in 1996 (P<0.07). Elevated C 0 2 (680 ppmv) at ambient 0 3 increased the number of grains per unit ground area by 56% in 1995 only and elevated 0 3, averaged across the C 0 2 treatments, decreased the number of grains per unit ground area by 5% in 1996. Elevated 0 3 resulted in an overall (P<0.05) increase in the weight of screenings < 2 mm (Table IV) in 1994, showing an increase from the control of 379% (Fig. l(iii) ) in elevated 0 3 alone. This parameter was unaffected in 1995 or 1996. There was very little difference in harvest index (Fig. 3) between the treatments in 1995 and 1996. However, in 1994 elevated C 0 2 increased (P<0.01) the harvest index (Table V) at both 0 3 concentra tions by an average of 20% , elevated 0 3 decreased (PcO.Ol) the harvest index at both C 0 2 concentra tions by an average of 7% and the C 0 2* 0 3 in teraction (PcO.Ol) was such that the reduction at tributed to elevated 0 3 was greater in ambient C 0 2 than in elevated C 0 2. However, oneway analysis of variance showed that elevated C 0 2 (680 ppmv) reduced the damage to harvest index attributed to elevated 0 3 by 90% (P<0.05) in the 1994 growing season when fumigation began at anthesis (Fig. 3) . The bulk densities (hectolitre weights) (Table V I) were significantly reduced (P<0.05) in elevated 0 3 by an average of 5% across the C 0 2 treatments, in 1994 and slightly but significantly increased (P<0.05) by elevated C 0 2 in 1996 by 2% . This parameter was unaffected in 1995. Neither the number of ears per plant nor the number of ears on a ground area basis were af fected by the fumigation treatments in any of the growing seasons (Table VI) .
Discussion
The general increase in spring wheat grain yield observed in these experiments and attributed to elevated C 0 2 is consistent with many other studies on spring wheat (Havelka et al., 1984b; Weigel et al., 1994; Mulchi, et al., 1995; (Table V) and also an increase in the mean individual weight of the grains (Table IV) , in elevated C 0 2. In the present study there was no effect of elevated C 0 2 on the number of ears per plant for any of the growing seasons. The absence of a C 0 2 effect in 1994 was most likely due to sink limitation as fu migation did not commence until anthesis, by which stage the number of sinks (grains) was al ready determined and increased photosynthate produced in elevated C 0 2 could not be utilised. The general increase in yield in response to ele vated C 0 2 is most likely a direct result of an increased rate of photosynthesis providing increased photoassimilate for grain development. The harvest index (Fig. 3 and Table V) index was slightly but significantly increased in re sponse to elevated C 0 2. This suggests that the tim ing of the exposure is important in the way in which spring wheat will respond to elevated C 0 2. Grain yield of spring wheat responded positively to elevated concentrations of C 0 2 when exposure ran for the entire growing season, however, when the crop was exposed to elevated C 0 2 from anthesis onwards grain yield showed no response to ele vated co2.
The effect of the elevated 0 3 treatment on grain yield was not as consistent as the effect of elevated C 0 2. One reason for this is that the elevated con centrations of 0 3 varied from one growing season to the next. In 1994 elevated 0 3 concentrations were ambient +50 ppbv and fumigation did not start until anthesis. In 1995 and 1996 fumigation was season long with an elevated 0 3 concentration of ambient +50 ppbv and ambient +90 ppbv for the 2 years respectively. The particular variety of wheat used in this experiment has been shown to be relatively insensitive to elevated concentrations of 0 3 at ambient +1.7 times ambient (Fangmeier et al., 1996a and b) and to exposure to a 7 h daily mean of 60 ppbv (Mulholland et al., 1997) . A c cording to Führer et al., (1989; 1992) and Finnan et al., (1996) increasing concentrations of 0 3 nega tively affects grain yield. They reported the pri mary effect of 0 3 on grain yield was to reduce the grain size and a reduction in grain number was a secondary effect. Pleijel et al., (1991) also sug gested that the decrease in grain yield was due to a reduction in grain filling, as measured by a re duction in the mean individual grain weight. The decrease in grain yield, in the present study, was associated with a decrease in the mean individual grain weight (Fig. 1 (ii) and Table IV) in 1994 and 1996 and also to a reduced number of grains per ear (Fig. 2(ii) and Table V) in 1996. In 1994 the reduction in the mean individual grain weight was accompanied by an increase in the proportion of small grains (<2 mm) (Fig. l(iii) and Table IV ) and a decrease in the weight per volume as indicated by the hectolitre weight (Table VI) . According to Mulchi et al., (1986) and Amundson et al., (1987) exposure of wheat to elevated concentrations of 0 3 from anthesis onwards, as was the case in this study for the 1994 growing season only, reduced the yield by causing a decrease in grain mass rather than grain number. This was as expected, as the number of grains would be determined before anthesis and thus exposure to elevated 0 3 should have no effect on this parameter. The decrease in grain yield reported in 1996 was primarily associ ated with a decrease in the number of grains per ear (Table V) and to a lesser extent with a decrease in the mean individual weights of the grains (Table IV) . This result is consistent with that reported by Finnan et al., (1996) and McKee et al., (1997) although other studies (Führer et al., 1992; Fangmeier et al., 1996a) have reported a decrease in the mean individual weight of the grains as the main reason for lower grain yield. There was a tendency for the proportion of small grains (<2 mm) to increase in response to elevated 0 3 in 1996, which is consistent with that reported by Finnan et al., (1996) , further indicating the ef fect of 0 3 on reducing the grain size. The reduc tion in the number of grains per ear in the 1996 growing season compared to 1994, may have re sulted from the higher concentration of 0 3 being used during that growing season i.e. ambient +90 ppbv as opposed to ambient +50 ppbv in 1994. Also, fumigation was season long in 1996 as op posed to 1994 when fumigation did not begin until anthesis. McKee et al., (1997) suggest that pollina tion may be affected by elevated concentrations of 0 3 and so reduce the number of grains being produced although their work was carried out in controlled environment chambers. The mean indi vidual grain weight may be reduced due to en hanced leaf senescence which shortens the period of flag leaf photosynthesis and therefore reduces assimilate production for grain filling Fangmeier et al., 1994) . Elevated C 0 2 compensated for the damaging effects attrib uted to 0 3 as regards grain yield. This was evident as grain dry weight (g m^2) (Fig. l(i) ) was de creased in elevated 0 3 at ambient C 0 2 compared to the control, but when elevated C 0 2 was present grain dry weight (g m-2) did not differ from the control. In contrast to this, McKee et al., (1997) reported no protective effect of elevated C 0 2 against the damaging effects of 0 3 on grain yield. There was no stimulatory effect of elevated C 0 2 at elevated 0 3 as grain yield did not differ from the control in the present experiment.
The effects of elevated C 0 2 on grain yield indi cated that the enhancing effects attributed to C 0 2 were limited by the presence of elevated 0 3 con-centrations whether at ambient +50 ppbv or ambi ent +90 ppbv, or whether fumigation was season long or began at anthesis. This result is in agreement with Barnes et al., (1995) , Rudorff et al., (1996) and McKee et al., (1997) all of whom report that ele vated C 0 2 has the same proportionate effect at am bient and elevated 0 3. In the present study, ele vated C 0 2 provided protection to grain yield against 0 3 damage possibly through a decreased stomatal conductance thus reducing the effective dose of 0 3 penetrating the leaf (Mulchi et al., 1995; Fangmeier et al., 1996a; Mulholland et al., 1997) . However, McKee et al., (1997) found no such pro tective effect and suggested that two mechanisms may cause the lack of protection by C 0 2, i.e. that pollination was reduced in elevated 0 3 and that the photosynthetic response to elevated 0 3 is nonlin ear. They suggest that the two mechanisms would have different sensitivities to 0 3.
In conclusion, the main components of yield af fected by season long exposure to elevated con centrations of C 0 2 or elevated concentrations of 0 3 were the mean individual grain weight and to a lesser extent the number of grains per ear and the hectolitre weight. Elevated concentrations of 0 3 also affected harvest index and the proportion of small grains (<2 mm) but only when applied af ter anthesis. Thus the timing of exposure to ele vated C 0 2 or elevated 0 3 is an important factor in determining the response of grain yield of spring wheat to these gases. In general there was no significant C 0 2 by 0 3 interaction recorded on any of the parameters measured suggesting that elevated C 0 2 has the same proportionate effect on grain yield at ambient or elevated 0 3. In re sponse to the question posed "Does elevated C 0 2 protect grain yield of wheat from the effects of ozone stress?" the answer is a qualified yes. We find that there are no circumstances where total protection is provided, so that at all C 0 2 concen trations elevated ozone will reduce potential yield. However, the level of protection varies from one growing season to the next and appears to be re lated particularly to the timing of exposure to ele vated o3.
